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Abstract
Although ion channels are known to be pivotal to sperm function, the technical difficulty of applying electrophysiological techniques to
spermatozoa has prevented significant progress in this area. This is due to the cell size and angular shape in combination with their motility.
Using a refined technique, specifically for patch clamping spermatozoa, we have made recordings from human cells. This technique
permitted approaches which enable functional analysis of sperm ion channels, including acquisition of inside-out patches, generation of
averaged currents, and observation of the effects of pharmacological manipulation during prolonged recordings. As well as a low
conductance (7 pS) channel and a 25-pS channel, the most striking finding was the presence of very high conductance, 4-aminopyridine-
sensitive multistate channels resembling the non-selective cation channel of sea urchin and mouse spermatozoa. Application of 2 mM 4-
aminopyridine (a dose sufficient to cause channel blockade) caused an instant and dramatic transition of motility in the sperm population
increasing hyperactivated motility by more than 10-fold as assessed by computer-assisted semen analysis.
Combined application of patch clamp and pharmacological investigation of mature sperm cells and will permit rapid advances in our
understanding the role of ion channels in sperm function.
D 2004 Elsevier Inc. All rights reserved.
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Ion channels are known to be pivotal to several aspects of
sperm physiology and function (Darszon et al., 1999),
including motility (Quill et al., 2001; Ren et al., 2001),
hyperpolarisation of membrane potential during capacitation
(Brewis et al., 2000; Darszon et al., 1999; Florman et al.,
1998; Munoz-Garay et al., 2001; Zeng et al., 1996) and0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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Abbreviations: ZP, zona pellucida; Em, membrane potential; TEA,
tetraethylammonium; 4-AP, 4-aminopyridine.
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2 These two authors contributed equally to this work.induction of acrosome reaction (Darszon et al., 1999,
Florman et al., 1998; Kirkman-Brown et al., 2002). Data
on channel function have been collected by various indirect
methods, including imaging of ion concentration changes,
insertion of sperm proteins into artificial lipid bilayers and
use of immature (spermatogenic) cells—an approach that
has provided valuable data (Arnoult et al., 1996, 1999;
Lievano et al., 1996; Munoz-Garay et al., 2001). However,
the available evidence suggests that critical changes in
channel expression occur as human (and probably mouse)
germ cells develop into mature ejaculated spermatozoa.
Functional expression of Catsper is seen only in mature
spermatozoa (Ren et al., 2001) and other channels which
apparently function in mature mouse spermatozoa, such as
high voltage-activated Ca2+ channels (Wennemuth et al.,
2000), are not detected in immature cells. Channel activity274 (2004) 308–317
Y. Gu et al. / Developmental Biology 274 (2004) 308–317 309in human spermatogenic cells was very rare (Jagannathan et
al., 2002).
Recording of ion channel activity in mature mammalian
spermatozoa, though achieved on occasion (Darszon et al.,
1999; Espinosa et al., 1998), including one report on human
cells (Weyand et al., 1994), has proved prohibitively
difficult. Our knowledge of the diversity and characteristics
of channels expressed in mature spermatozoa, let alone the
details of their regulation during cell function, is negligible.
It is vital that improved techniques are developed for direct
recording of ion channel activity in mature spermatozoa.
Gorelik et al. (2002) have reported recently that dsmart
patchingT, using scanning ion conductance microscopy
(SICM), permits seal formation on sea urchin spermatozoa.
Here, we briefly describe an approach that reduces the
technical difficulties of recording from human spermatozoa,
present the first patch-clamp data obtained from unswollen
(physiologically normal) human spermatozoa and show that
one of the channels identified in this study may play a key
role in regulating hyperactivated motility.Methods
Preparation and capacitation of spermatozoa
All donors were recruited at the Birmingham Women’s
Hospital (HFEA Centre #0119), in accordance with the
Human Fertilisation and Embryology Authority Code of
Practice. Approval was obtained from the Local Ethical
Committee (#0472, #5570) and all donors gave informed
consent. Semen was collected and capacitated as described
previously (Kirkman-Brown et al., 2000). Initially, cells
were prepared in the laboratory in Birmingham and trans-
ported to London (at 30–358C) during the capacitationFig. 1. Vertical approach and electrodes. Panel a shows the arrangement used for a
from below with an inverted microscope. Red and blue are used to illustrate the i
cartoons showing recording configuration in Figs. 2–5. Panel b shows the area ei
shows right-angle holder used for recording (courtesy of Warner Instruments).period to use the SICM equipment. For later experiments,
the work was carried out entirely in Birmingham using a
Sutter micropositioner (see below). Cells were allowed to
settle on a poly-l-lysine coated coverslip which was then
incubated at 378C (5% CO2) for 30 min. The coverslip was
then placed in a purpose-built recording chamber incorpo-
rating an agar bridge and Ag/AgCl reference electrode.
Electrophysiological recording
Electrodes were made from 1 mm (O.D.) filamented
borosilicate electrode glass (GC100F; Clark Electromedical
Instruments, Kent, UK). Initially we attempted to use SICM
(UCL) to visualise the cell before electrode placement (Smart
Patch; Gorelik et al., 2002). However, the steep profile of the
sperm head and the tendency for the sperm tail to be held clear
of the coverslip resulted in the pipette hitting the cell during
most scans. We therefore used direct visual control of the
positioner but employed automated feedback as described
previously (Gorelik et al., 2002). After this initial work at
UCL to establish feasibility of the technique, later experi-
ments were carried out in Birmingham (which avoided the
need to transport the cells—see above) and employed a Sutter
MP-225 3-axis micropositioner without feedback control.
Obtaining seals when approaching the cell surface obliquely
proved extremely difficult, but axial descent of a vertical
pipette (dnormalT to the cell surface held in a right-angle
holder; [Warner Instruments, CT, USA; QRW type]) greatly
improved the rate of seal formation (Fig. 1a), as reported by
Espinosa et al. (1998). We used a gently tapering electrode
shank (permitting good visualisation of the electrode tip) and
a magnified video image to aid positioning. The cell outline
was marked on the screen and the pipette tip was lowered,
correcting as necessary with respect to the cell outline.
Pressing the pipette onto the membrane (as is normal in patchpproaching the cell using a right-angle pipette holder whilst viewing the cell
nner and outer faces of the plasma membrane, respectively, and refer to the
ther side of the equatorial band from which recordings were made. Panel c
Fig. 2. Type 1 multi-state high-conductance channel activity. Records presented in this and all other figures reflect standard conventions with voltages reflecting
the value at the inner face of the membrane with respect to the outer face and inward currents being represented as downward deflections of the current trace.
(a) Family of traces recorded from an inside-out patch (configuration shown by cartoon adjacent to traces). Inner face of membrane was stepped from 0 mV
(holding potential) to a series of potentials between +60 (upper trace) and 70 (lowest trace) in 10 mV increments. Arrowheads indicate closed state. (b)
Records showing the main conductance states. Arrowheads indicate 120–150 pS (n), 220–250 pS (5) and 350–360 pS (*) including square transitions
between closed (dashed line) and the 220–260 pS state. Inner face of membrane was stepped to +80 (upper trace) and +20 mV (lower trace). (c) Current voltage
plots for the two dcommonT sub-conductance states (same cell as a). (d) A family of average currents derived from the single channel records generated in nine
consecutive series of steps from 0 mV (holding potential) to +60, +40, +20, 0, 20, 40, 60 and 80 mV (inside). (e) Current–voltage plot for average
currents. (f) Family of records from a cell-attached patch (configuration shown by cartoon adjacent to traces) during steps from resting potential to a series of
potentials between RP +60 mV (upper trace) and resting potential 40 mV (lowest trace). Note that at resting potential (4th trace) gating of the channel causes
an inward current. Arrowheads indicate closed state. (g) Current voltage plots for the two dcommonT sub-conductance states in cell-attached mode (same cell as
f). Currents reverse at approximately resting potential +10 mV.
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tip, preventing seal formation. Application of up to100mV
to the pipette often provided sufficient sensitivity to monitor
changes in tip resistance (permitting application of suction
before significant electrode–cell contact) during approach to
the cell. This procedure greatly improved success rate. By
restricting our approach to an area either side of the equatorial
band (Fig. 1b) we achieved gigaseals in 30–35% of attempts,
similar to that obtained with smart patch (Gorelik et al.,
2002). Holding potential was always 0 mV.
For experiments in London cells were bathed in L15
HEPES-buffered saline containing (mM) NaCl—150,
MgCl2—1, CaCl2—2, glucose—10, HEPES—10 (pH 7.4).
Experiments in Birmingham were carried out using sEBSS
(Sigma; including [mM] 1.8 Ca2+, 125.2 Na+, 5.4 K+).
Pipettes filled with bathing saline, typically had resistance of
60–80 MV.
Recordings were made using Axopatch 200B (London)
and BioLogic RK-400 amplifiers (Birmingham) with lowFig. 3. Type 2 multi-state high-conductance channel activity. (a) Traces recorded f
pipette potential from 0 mV to potentials between 40 (lowest trace) and +100 (u
conductance states occur only at the most positive potentials. (b) Five records (sam
The records show multiple conductance levels, highest conductance states being
amplitude plots from currents generated during three sequential 1.4-s steps of mem
points current amplitude plots from two cells. Data from 9 (n) and 5 (5) sequential
for leak current. Principle open states occur at 140–150 pS, 220–250 pS and 320pass filter at 1–2 kHz. Generation of experimental protocols,
data acquisition and analysis were carried out using pClamp
8.0 (London) and WinWCP 3.2.5 (Birmingham). Signals
were digitised at 10 kHz.
Motility assessment by computer-assisted semen analysis
(CASA)
We assessed how channel antagonists affected the
motility of the spermatozoa on a Hamilton Thorne HTM
IVOS semen analyser. Briefly, spermatozoa were prepared
by direct swim-up as for electrophysiology (above), then
aliquots of 200 Al spermatozoa were treated with media
alone; progesterone (an activator of human sperm Kirk-
man-Brown et al., 2002); or the relevant antagonist. 7 Al
was immediately introduced into a standard (50 Am)
depth chamber (Microcell-HAC, Conception Technologies
Ltd.) at a concentration of 3 to 6 million per ml. Motility
was determined on duplicate treatments analysed sepa-rom an inside-out patch (configuration shown by cartoon) upon steps of the
pper trace) in 20 mV increments. Arrowheads indicate closed state. Highest
e patch as a), each obtained by stepping membrane potential to +100 mV.
reached from lower ones. Arrowheads indicate closed state. (c) All-points
brane potential to +100 mV. Arrowhead shows closed dleakT current. (d) All-
1.4-s steps of membrane potential to +100 mV were averaged and corrected
–350 pS.
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hyperactivation (Mortimer, 2000). Hyperactivated sperm
were classified as those demonstrating all of the follow-
ing characteristics in combination (classified as dsort 7T):
13–100 points in track, curvelinear velocity (VCL, Am/s)
150 to 1000; Linearity (LIN, %) 0.5 to 50; and Lateral
Head Displacement (ALH, Am) 7 to 100. At least 20
fields were scored across the slide.Results
By using a vertical approach to the cell surface (see
Methods), we obtained seals (10–80 Gohm), close to the
equatorial band of mature spermatozoa (Fig. 1b), in
approximately one third of attempts. Most cells had motile
tails but head immobilisation was sufficient that seals could
be achieved. Records were made from 70 patches of which
29 had channel activity. Since the majority of records made
during the development and initial exploitation of the
technique were cell-attached, we were unable to carry outFig. 4. Effects of TEA and 4-AP on multi-state high-conductance channel type 2
derived from 12 consecutive protocols (steps to membrane potentials between 40
from seven consecutive protocols (as in a) in the presence of TEA (20 mM). (c) Fa
the presence of 4-AP (2 mM). (d) Current–voltage plots of average currents (conion-substitution experiments on the permeability character-
istics of the channels. However, analysis of single channel
conductance and behaviour allowed us to classify at least
four types.
High conductance multi-state channels
In six cells, we observed currents of high conductance
(up to 620 pS) which reversed at 5–10 mV positive to
resting potential in cell-attached patches. A striking feature
of these channels was the existence of many sub-conduc-
tance states. Channel activity occurred at all values of Em
but recruitment of higher conductance states was voltage-
dependent (see below). Though conductance states and
reversal potential were consistent, records of two types were
obtained.
Type 1
In inside-out records, conductances of 120–150 pS and
220–260 pS were observed regularly, channel activity
occurring particularly at hyperpolarising departures from 0(inside-out configuration shown by cartoon). (a) Family of average currents
and +100 mV in 20 mV increments). (b) Family of average currents derived
mily of average currents derived from six consecutive protocols (as in a) in
trol, TEA [20 mM] and 4-AP [2 mM]).
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openings (c360 pS; estimated assuming reversal at 0
mV—see below) were observed in response to large
hyper- or depolarising steps (Figs. 2a,b). Other sub-
conductance states were occasionally observed. From an
extended inside-out recording, we generated mean records.
Currents were dsquareT (Fig. 2d), a reflection of the fact
that channel activity varied little during voltage pulses.
Since the highest conductance states were observed only
in response to large activating voltages, I–V plots were
shallowest at 0 mV (Fig. 2e). In cell-attached records
activity was modest and occurred irrespective of Em but
the highest conductance states were seen in response to
depolarising excursions from resting potential (Fig. 2f). I–
V plots gave a reversal potential for currents through this
channel of approximately +10 mV with respect to resting
potential, currents being inward at resting potential (Figs.
2f,g).
Type 2
In two inside-out recordings we observed high
conductance currents which were activated strongly in
response to depolarising steps (pipette negative). Small
depolarising steps (V50 mV) revealed intermittent activityFig. 5. Lower conductance channels in human sperm membranes. (a) Cell attach
Membrane potential was stepped from resting potential to values between resting p
in 20 mV increments. Arrowheads indicate closed state. Lower panel shows uni
resting potential +11 mV. Conductance was 24.2 pS. (b) Cell attached records (co
potential was stepped from resting potential to values between resting potential
increments. Arrowheads indicate closed state. Channel activity is activated by me
the data from this patch. Calculated Erev was resting potential 15.9 mV. Conduwith a conductance of 45–50 pS but 60–100 mV steps
recruited higher conductance activity (Fig. 3a). Conduc-
tance often ddevelopedT during the depolarising pulse,
switching between many sub-conductance levels but
daccumulatingT conductance in a ramp-like manner (Fig.
3b). dPreferredT conductance often changed between
successive activations (Figs. 3b,c). Assuming reversal at
0 mV, the most common open states at 100 mV were
of c150 pS, 220–250 and 320–350 pS, though a series
of other peaks were clearly visible (Fig. 3d).
Mean records showed slow activation (Fig. 4a), voltage-
dependence and strong outward rectification (Figs. 4a,d),
reflecting voltage- and time-dependent adoption of high
conductance states. TEA (up to 20 mM) had very little, if
any, effect upon current amplitude (Figs. 4b,d) but 4-AP (2
mM) virtually abolished inside-out currents (Figs. 4c,d).
Voltage-independent 25–30 pS channel
In four cell-attached recordings, we found a current of
approximately 28 pS conductance. Calculated reversal
potentials were at drealT membrane potential 10–15 mV
positive to resting potential. The channel showed a high
open probability and little voltage dependence, closureed records (configuration shown by cartoon) from the 25–30 pS channel.
otential +120 mV (upper trace) and resting potential 20 mV (lowest trace)
tary current–voltage plot for the data from this patch. Calculated Erev was
nfiguration shown by cartoon) from a low-conductance channel. Membrane
+140 (upper trace) and resting potential +20 mV (lowest trace) in 20 mV
mbrane depolarisation. Lower panel shows unitary current–voltage plot for
ctance was 6.7 pS.
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potentials) or occasional events lasting up to 500 ms (Fig.
5a). Establishment of inside-out configuration resulted in no
discernible change in gating behaviour.
Low conductance (7 pS) channel
In 5 cell-attached patches we observed activity of a very
low conductance channel. Activity was voltage-sensitive,
occurring primarily upon depolarising voltage steps of z40
mV (Fig. 5b). Currents reversed at 10–15 mV negative to
resting potential and conductance was 6.7 pS (though some
lower conductance openings were occasionally observed).
Effects of 4-AP and TEA on sperm motility
As 4-AP abolished currents through the type-2 high
conductance multistate channel (see above), we decided to
examine whether we could observe any effects of this drug
upon sperm function. We had observed by eye that addition
immediately (b5 s) affected motility of sperm, even when
applied to cells directly after swim-up, without need to
undergo capacitation (normally 6 h). We therefore employed
CASA to examine this effect. As described previously by
others (e.g., Calogero et al., 1996), application of progester-
one generated a small but significant increase in various
sperm parameters characteristic of hyperactivation. How-Fig. 6. Effects of 4-AP on human sperm motility. Sperm tracks show typical mot
progesterone or (c and d) 2 mM 4-AP. Though the effects of progesterone are clear,
not hyperactivated motility (by dSort 7T category), whilst both 4-AP tracks are.ever, 2 mM 4-AP exerted a much stronger and visibly
dramatic effect upon sperm motility (Fig. 6) inducing large
increases in dstar-shapedT swimming (see Supplementary
movie files). These were quantified by CASA (Fig. 7a). To
investigate whether this may relate to the observed effects of
4-AP on the high-conductance multi-state channel, we
examined the effects of 2 mM 4-AP in parallel to 20 mM
TEA, which is a broad spectrum K+ channel blocker but
fails to block the 4-AP-sensitive channel (Watling, 1998; see
above). TEA induced a significant increase in hyper-
activated motility (P b 0.009, paired t test, n = 6), but
this was extremely small in comparison to the effects of 4-
AP (P b 0.0017, relative to control; P b 0.002 relative to
TEA; n = 6, paired t test) (Fig. 7c).Discussion
Using standard electrophysiological equipment and
simple adjustments to recording techniques, we have
obtained patches on mature spermatozoa in over 35% of
attempts, a rate 5- to 10-fold higher than described
previously in mammalian sperm (e.g., Espinosa et al.,
1998; Ren et al., 2001). This rate of success is comparable
with the improvement obtained by osmotic swelling of sea
urchin spermatozoa (Babcock et al., 1992; Sanchez et al.,
2001).ility of cells suspended in: (a) control media and (b) stimulated with 3 AM
the effect of 4-AP is far more marked; in this case, the progesterone track is
Y. Gu et al. / Developmental Biology 274 (2004) 308–317 315Three different types of channel were detected in the
equatorial region of spermatozoa. The 25–30 pS channel
reversed positive to resting potential and therefore cannot be a
K+-selective. Alternatives include a Cl channel, which may
contribute to agonist-induced responses (Garcia and Meizel,
1999; Turner and Meizel, 1995) or a low-selectivity cation
channel. Cyclic-nucleotide gated channels of bovine sperma-
tozoa show a K+/Na+ permeability ratio of 1:0.78 and
conductance of 21 pS at +60 mV. Gating behaviour of
recombinant channels activated by 25 AM cGMP resembles
that seen in Fig. 5a (Weyand et al., 1994). However, the
bovine sperm CNG channel is localised to the flagellum
(Wiesner et al, 1998), not the equatorial area at which our
patches were obtained. The 7 pS channel opened upon
depolarisation, reversed at values negative to Em (consistent
with selectivity for K+) and may, therefore, contribute to
maintenance of sperm membrane potential.Fig. 7. 4-AP significantly alters sperm motility. (a) Effects of 4-AP (yellow bars)
bars show values in control samples in sEBSS. All values are mean F SEM for a
velocity (VAP, Am/s); curve linear velocity (VCL, Am/s); Lateral Head Displacem
proportion of cells in treatment group showing all the characteristics of hyperact
comparison of the ability of 2 mM 4-AP and 20 mM TEA (compared to sEBSS c
were assessed by CASA). Each bar shows mean F SEM for assessments carriedThe most common records were from high-conduc-
tance, multi-state channels. Though the most frequently
observed conductance states were 120–150, 220–250 and
c360 pS, there was a striking variability between and
within records. As well as large step transitions, currents
showed ramp-like changes in conductance (described
previously in maxi-K channels (Stockbridge et al.,
1991) and daccumulationT of conductance (Figs. 2a,b
and 3a,b). Channel gating of two distinct types was
observed (Figs. 2 and 3). Whether this reflects varying
behaviour of a single channel type (possibly reflecting
regulation of the channel by capacitation) or records from
two different channel types cannot be determined at
present. Since these observations were made on many
occasions and all activity was inhibited by 4-AP, we
conclude that these records reflect genuine channel
gating.and progesterone (purple bars) on a range of sperm motility variables. Blue
ssessments carried out on six different donors. Categories are average path
ent (ALH, Am); Straightness (STR, %); and Linearity (LIN, %). (b) The
ivation according to the dSort 7T criteria. Colours as in panel a. (c) Direct
ontrol) to induce characteristics of hyperactivated motility (dSort 7T criteria
out on 6 different donors.
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high-conductance channels. However, TEA (20 mM), a
broad-spectrum K+ channel inhibitor (Watling, 1998) had
negligible effects on the channel and high conductance
inside-out records were obtained in symmetrical solutions
containing only 5 mMK+. Furthermore, cell-attached records
of channels showing similar sub-conductance states and
behaviour reversed at approximately 10 mV positive to
resting potential. This channel is therefore clearly not highly
K+ selective. Characteristics of these channels (prolonged
opening, high, multi-state conductance) show some resem-
blance to poorly selective cation channels reported both in
patched mouse spermatozoa (Espinosa et al., 1998) and lipid
bilayers containingmouse or sea urchin (Lievano et al., 1990)
sperm proteins. Sub-states of 207 and 318 pS were
determined in patched mouse spermatozoa (Espinosa et al.,
1998). Sensitivity of this cation channel to 4-AP has not been
reported.
The sperm-specific channels CatSper 1 and Catsper 2
have been shown, in mouse knockouts, to be essential for
acquisition of hyperactivated motility (Carlson et al, 2003;
Quill et al, 2003). We observed that 4-AP, at a concentration
sufficient to block the multi-state channel, exerted a strong
and very rapid effect on the motility of human sperm (Fig.
7). The changes we observed broadly resembled the features
of hyperactivation but occurred in a proportion of cells far
exceeding that seen with capacitation alone, or upon
treatment with progesterone. In contrast, TEA (20 mM),
another broad-spectrum K+ channel blocker, failed either to
cause a significant block of the multi-state channel or to
exert a major effect on motility. It is thus a possibility that 4-
AP-sensitive channels (potentially the multi-state high-
conductance channel) participate in the regulation of
motility that occurs in association with acquisition of
fertilising ability and that targeted modulation of the channel
could be employed to increase chances of fertilisation in
vivo or in vitro. Further investigation is clearly required. An
examination of whether the response to 4-AP can yield
predictive data on sperm fertilising ability would also be of
use as it would be a simple and cheap diagnostic test that
could be performed in any semen analysis laboratory.
In this communication, we report not only the first
observations of channel activity in unswollen human
spermatozoa, but also a great improvement in technique for
achieving these recordings. The ability pharmacologically to
characterise channels obtained in patch clamp and to relate
these characteristics to function provides a key advance in our
ability to understand the physiology of spermatozoa. We are
confident not only that characterisation of channels in single
channel recording can be achieved, but that there is also scope
for further improvement in this technique, particularly in
enlarging the size of the pipette tip so that whole cell or
perforated patch recording can be attempted. These improve-
ments will ultimately permit direct investigation of modu-
lation of membrane currents and membrane potential during
capacitation and response to agonists.Acknowledgments
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